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Richard V. Pearse, II,1 Kyle J. Vogan,1 and Clifford J. Tabin2
Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115
Hedgehog (Hh) signaling in vertebrates controls patterning and differentiation of a broad range of tissues during
development. The Hh receptor Patched (Ptc) is a critical regulator of signaling, maintaining active repression of the pathway
in the absence of stimulation, limiting excess diffusion of ligand, and providing an efficient negative feedback mechanism
for fine-tuning the responsiveness of receiving cells. Two distinct Ptc genes have been isolated from several vertebrates.
ere, we describe the cloning of a second Ptc gene from chick (Ptc2). We show that Ptc1 and Ptc2 are both upregulated at
sites of active Hh signaling but that the expression patterns of these genes only partially overlap, thus providing distinct
readouts of Hh pathway stimulation. We also show that chick Ptc2 is expressed in the posterior apical ectodermal ridge
(AER) of the limb bud in a pattern similar to Fgf4 and that the induction of Ptc2 within the AER, like that of Fgf4, is
mediated via antagonism of BMP signaling. The differential responsiveness of cells to Hh pathway stimulation (as marked
by the differential induction of Ptc genes) suggests heterogeneity in the mechanisms by which Hh signals are transduced
within different populations of receiving cells. © 2001 Academic Press
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iINTRODUCTION
The Hedgehog (Hh) family of secreted ligands plays a
critical role in a variety of developmental processes in both
insects and vertebrates (reviewed in Hammerschmidt et al.,
1997). In Drosophila, the activity of the Hh signaling
athway is governed by the opposing activities of two
roteins present on the surface of receiving cells. The first,
seven-pass transmembrane protein called Smoothened
Smo; Alcedo et al., 1996; van den Heuvel and Ingham,
996), positively transmits the Hh signal into the nucleus
o activate Hh target genes, while the second, a twelve-pass
ransmembrane protein called Patched (Ptc; Hooper and
cott, 1989; Nakano et al., 1989), serves a dual role as both
he receptor for the Hh ligand and as a negative regulator of
mo activity (reviewed in Ingham, 1998; Kalderon, 2000).
ecent studies suggest that Ptc inhibits Hh signal transduc-
ion by facilitating the dephosphorylation and subsequent
roteolytic degradation of Smo, such that in the absence of
h signal, Smo fails to accumulate at the cell surface
1 R.V.P. and K.J.V. contributed equally to this work.
2 To whom correspondence should be addressed. Fax: (617) 432-f595. E-mail: tabin@rascal.med.harvard.edu.
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s a result, the most downstream component of the Hh
ignaling pathway, the transcription factor Cubitus inter-
uptus (Ci), is converted into a repressor form which trans-
ocates into the nucleus and actively inhibits transcription
f Hh target genes (reviewed in Aza-Blanc and Kornberg,
999). The binding of Hh to Ptc, however, leads to the rapid
nternalization and degradation of Ptc and thus to a tran-
ient stabilization of Smo protein at the cell surface, result-
ng in the production of an activated form of Ci which
ranslocates to the nucleus and positively regulates expres-
ion of Hh target genes.
One of the most important features of the Hh signaling
athway is that it exhibits properties of a self-regulating
ystem (Denef et al., 2000; Alcedo et al., 2000; Ingham et
l., 2000). In particular, the stabilization of Smo at the cell
urface following pathway stimulation occurs only tran-
iently because Ptc, a potent negative regulator of Hh
ignaling, is also a faithfully upregulated Hh target gene
reviewed in Ingham, 1998), setting up an efficient negative
eedback loop that serves to rapidly attenuate Hh signaling
n the absence of ongoing pathway stimulation. In this
ashion, continuous competition between Smo and Ptc at
15
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16 Pearse, Vogan, and TabinFIG. 1. Sequence comparison and phylogenetic analysis of vertebrate Ptc proteins. (A) The partial amino acid sequence of chick Ptc2 was
ligned with the corresponding regions of Xenopus Ptc2, mouse Ptch2, and chick Ptc1 by using the Jotun–Hein algorithm. Identical amino
acids are indicated by dots (.) and are shaded for clarity; gaps introduced by the alignment program are indicated by dashes (–). Numbers to
the right indicate the amino acid positions of the corresponding protein sequences (1 5 initiator methionine). The full-length sequences of
enopus Ptc2, mouse Ptch2, and chick Ptc1 are 1413, 1182, and 1442 amino acids, respectively. (B) Phylogenetic tree generated from an
lignment of all known zebrafish (z), Xenopus (x), chick (c), mouse (m), and human (h), Ptc proteins. For each protein, only the portion of
he sequence corresponding to the partial chick Ptc2 open reading frame was used to generate the alignment.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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17Differential Regulation of Patched Genes in Chickthe surface of cells serves to regulate the fine-tuned balance
between activator and repressor forms of Ci and thus the
transcriptional activity of Hh target genes. The faithful
upregulation of Ptc expression within a broad range of
issues in Drosophila in response to Hh pathway stimula-
tion underscores the importance of this mechanism of
self-regulation for normal patterning and growth during
development.
As in Drosophila, the Hh signaling pathway in verte-
brates is critical for proper patterning and differentiation of
a variety of tissues during development as well as for
regulating cell growth in the adult. In vertebrates, however,
many of the genes involved in Hh signaling have undergone
evolutionary expansion, adding a new level of complexity
to the vertebrate Hh pathway. For example, the single hh
gene of Drosophila is represented by at least three homologs
in birds and mammals, known as Sonic (Shh), Indian (Ihh),
and Desert hedgehog (Dhh). Significantly, while Shh, Ihh,
and Dhh all seem to share similar biological properties,
each is expressed in a distinct pattern within the developing
embryo, allowing these genes to carry out specific biologi-
cal functions during development (reviewed in Hammer-
schmidt et al., 1997). In the chick, for instance, Shh is
expressed at early stages in the left side of Hensen’s node
and in the nascent head process, and at later stages within
the notochord, the floor plate, the posterior margin of the
limb bud (i.e., the Zone of Polarizing Activity or ZPA), the
gut endoderm, the second branchial arch, and the feather
buds of the skin (Riddle et al., 1993; Levin et al., 1995;
Roberts et al., 1995). By contrast, Ihh is expressed predomi-
nantly in the proliferating and prehypertrophic chondro-
cytes of the developing long bones and in the endoderm of
the midgut (Bitgood and McMahon, 1995; Vortkamp et al.,
1996), while Dhh is expressed in Schwann cells and in the
Sertoli cells of the testes (Bitgood and McMahon, 1995).
Thus, the expansion of the Hh gene family and the subse-
quent acquisition of novel cis-acting regulatory elements
within the vertebrate lineage have allowed these genes to
adopt diverse and specialized biological functions within
the context of vertebrate development.
In addition to the expansion of the Hh gene family, it is
clear that there has also been an expansion of several other
components of the Hh signaling pathway during the evolu-
FIG. 2. Developmental overview of chick Ptc2 expression, show
robes directed against Ptc2 (A–G, K, L, O), Ptc1 (J, N), or Shh (H, I,
Ptc2 staining is shown at embryonic stages 51 (A), 8 (B), 15 (C), 22
limb bud (H, L), the neural tube (I–K), and the gut (M–O) of a stage
L, O). Whole-mount stages were chosen to illustrate Ptc2 expressio
Hensen’s node and the early axial midline (A, B), the medial portio
arch and developing limb buds (D, E), developing long bones (F), and
in the limb bud (H, L) and Shh, Ptc1, and Ptc2 expression in the ne
in the apical ectodermal ridge of the limb bud is shown in (E) and (
plate; hl, hind limb; hn, Hensen’s node; hp, head process; lp, later
streak; sba, second branchial arch; so, somites; ZPA, zone of polarizing
Copyright © 2001 by Academic Press. All righttion of the vertebrate lineage. In particular, the single ci
gene from Drosophila is represented by at least three genes
in vertebrates, termed Gli1, Gli2, and Gli3 (reviewed in
Ruiz i Altaba, 1999). Similarly, while there seems to be only
a single vertebrate Smo gene, at least two Ptc genes have
been isolated from several vertebrates, including zebrafish,
Xenopus, mice, and humans (Carpenter et al., 1998; Mo-
toyama et al., 1998b; Lewis et al., 1999a; Takabatake et al.,
2000). In both mouse and zebrafish, where the most exten-
sive comparative studies have been performed to date, both
Ptc genes are expressed in a variety of tissues adjacent to
sources of Hh signaling (Motoyama et al., 1998a,b; Lewis et
al., 1999a), suggesting that the negative feedback properties
of this system have been preserved over the course of
evolution. However, despite this apparent regulatory con-
servation, significant differences in the expression of the
two Ptc genes have also been noted in both species. For
xample, in the developing teeth, hair, and whiskers of the
ouse, where Shh plays a critical role in mediating
pithelial–mesenchymal interactions, Ptch2 is coexpressed
with Shh in the epithelium while Ptch1 is expressed exclu-
sively in the responding mesenchyme (Motoyama et al.,
1998a,b). In addition, whereas Ptch1 in mouse is strongly
pregulated in cells responding to Hh signal, Ptch2 tran-
cripts are always found at very low levels even in the
resence of prolonged signaling activity (Motoyama et al.,
998a,b). In contrast, the zebrafish Ptc2 homolog (actually
amed zf-Ptc1) seems to be highly expressed in all Hh-
esponsive tissues but is generally restricted to cells in close
roximity to a source of Hh signal, whereas the Ptc1
omolog (named zf-Ptc2) is expressed more weakly but its
omain of expression extends further from sources of Hh
igand (Lewis et al., 1999a). This differential upregulation of
tc genes in different vertebrates and in different regions of
he same organism suggests that the vertebrate Ptc genes
ay serve distinct roles in the regulation of Hh signaling
ctivity.
Since Hh signaling activity plays such a critical role in
egulating both development and cellular homeostasis, it is
mportant to more clearly understand the distinctive fea-
ures of the vertebrate Hh signaling pathway. Toward this
nd, we are actively identifying chick homologs of genes
nown to participate within the Drosophila Hh signal
hole-mount (A–G) and section (H–O) in situ hybridizations with
ositive expression is visualized by a dark blue stain. Whole-mount
), 27 (F), and 30 (G). (H–O) Three sets of adjacent sections from the
mbryo hybridized with either Shh (H, I, M), Ptc1 (J, N), or Ptc2 (K,
several well-characterized sites of Hh signaling activity, including
somites and the developing neural tube (C), the second branchial
er buds (G). Sections show comparisons of Shh and Ptc2 expression
tube and adjacent tissues (I–K) and the gut (M–O). Ptc2 expression
ER, apical ectodermal ridge; fb, feather buds; fl, fore limb; fp, floor
ate; no, notochord; np, neural plate; nt, neural tube; ps, primitiveing w
M). P
(D, E
-23 e
n at
ns of
feath
ural
L). A
al plactivity.
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20 Pearse, Vogan, and Tabintransduction pathway. We describe here the cloning of a
second Patched gene from chick (Ptc2) and show that the
chick Ptc1 and Ptc2 genes are differentially regulated in
response to both endogenous and ectopic sources of Hh
protein. We also describe a novel expression domain for
chick Ptc2 within the posterior apical ectodermal ridge
(AER) of the developing limb bud and show that the
induction of Ptc2 within this tissue is mediated via antago-
nism of BMP signaling.
MATERIALS AND METHODS
cDNA Library Screening and Sequence Analysis
A 750-bp mouse Ptch2 probe obtained from Ontogeny Inc. was
labeled by random priming and used to screen a random-primed
cDNA library in l-ZAP (Stratagene) prepared from stage-18 to -24
hick limb buds (staging here and throughout according to Hamil-
on and Hamburger, 1951). Additional rounds of screening were
erformed by using a random-primed cDNA library prepared from
tage-5 to -9 whole embryos. Sequencing was performed by using
n automated ABI Sequencer, and alignments were performed by
sing the Jotun–Hein algorithm.
Embryo Culture, Bead Implants, and Viral
Misexpression
Fertilized White Leghorn chicken eggs were obtained from
SPAFAS (Norwich, CT). For bead implants into stage-5 to -6
embryos, embryos were incubated for 21–24 h in ovo and then
explanted into an in vitro culture system (modified from Spratt,
1947). Briefly, embryos were attached via their vitteline mem-
branes to paper rings (Whatman) and cultured ventral-side up on a
drop of thin albumin over a base composed of agar, glucose, and
albumin. Affigel-Blue beads (Bio-Rad) soaked in Shh protein (1
mg/ml; supplied by Ontogeny) or anti-Shh antibody (1 mg/ml; a gift
of T. Jessell) were prepared and implanted as described (Paga´n-
Westphal and Tabin, 1998). Treated embryos were cultured for an
additional 3 h at 38°C in a humidified chamber and then fixed and
processed for whole-mount in situ hybridization as described
below.
For embryos at later stages, surgical manipulations were per-
formed in ovo according to standard procedures (Riddle et al.,
1993). Beads soaked in Shh protein (100 mg/ml) were implanted at
tage 21 and embryos were harvested after an additional 3 h in
ulture. For viral misexpression studies, replication competent
vian sarcoma (RCAS) viruses carrying chick Shh (Riddle et al.,
993) or chick Noggin (Capdevila and Johnson, 1998) were injected
nto the presumptive fore and hind limb fields at stage 10 and the
nfected embryos were harvested between stages 22 and 24.
In Situ Hybridization
Embryos were fixed in 4% paraformaldehyde/PBS, dehydrated
into methanol, and processed for whole-mount in situ hybridiza-
tion essentially as described by Riddle et al. (1993). Some whole-
ount stained embryos were further embedded with paraffin and
ectioned by using a microtome (10- to 20-mm transverse sections).
Alternatively, frozen sections (20 mm) were generated by using a
ryostat and processed for nonradioactive section in situ hybrid-zation as described (Bao and Cepko, 1997). s
Copyright © 2001 by Academic Press. All rightDigoxigenin (Dig)-labeled antisense RNA probes for Shh, Ptc1,
and Fgf4 were generated from linearized DNA templates as de-
scribed previously: Shh (Riddle et al., 1993), Ptc1 (Marigo et al.,
1996b), and Fgf4 (Niswander et al., 1994). To generate an antisense
tc2 probe, a 1.4-kb fragment of Ptc2 coding sequence (nt 339-1774
f the published sequence) was amplified by PCR from a pBlue-
cript clone using M13 forward and reverse primers. A Dig-labeled
RNA probe was then transcribed from the resulting fragment by
sing T3 RNA polymerase. To detect RCAS-infected cells, a
uorescein-labeled antisense RCAS probe was cohybridized with
ither Dig-anti-Fgf4 or Dig-anti-Ptc2. Samples were first processed
ith an AP-conjugated anti-Dig antibody and photographed and
hen processed sequentially with an AP-conjugated anti-
uorescein antibody. All whole-mount experiments were photo-
raphed with a Sony DKC5000 digital camera attached to a Leica
ZFLIII dissecting microscope while sections were photographed
ith a Leica DC200 digital camera attached to a Nikon Eclipse
1000 microscope.
RESULTS
Cloning and Phylogenetic Analysis of Chick Ptc2
To identify novel members of the Ptc gene family in
chick, we used a mouse Ptch2 probe (provided by Ontogeny
Inc.) to screen a random primed cDNA library from
Hamburger–Hamilton stage 18- to -24 chick limb buds
under reduced stringency. This screen yielded three over-
lapping clones that together defined a 2076-bp open reading
frame sharing 61% amino acid identity with the previously
described Ptc gene from chick (Ptc1; Marigo et al., 1996b);
we have named this new chick sequence Ptc2. This se-
quence was extended by an additional 338 bp on the 59 end
nd by an additional 334 bp on the 39 end by screening a
econd random primed cDNA library prepared from stage-5
o -9 whole embryos. Altogether, the 2748-bp Ptc2 coding
equence defined through these screens (Fig. 1A) contains a
ingle large open reading frame that includes a potential
nitiator ATG near the 59 end but no in-frame stop codons
pstream; on the 39 end, the sequence extends into the large
ntracellular loop between predicted transmembrane (TM)
omains 7 and 8 but does not include the last five predicted
M domains or the C-terminal tail. Additional rounds of
creening using these and other libraries failed to identify
ny additional clones corresponding to the 39 end of the
tc2 coding sequence. However, the conservation of this
-terminal region in all other Ptc proteins described to date
nd the lack of any in-frame stop codons within the 2748-bp
pen reading frame together suggest that the chick Ptc2
equence reported here represents only a partial sequence.
Comparison of the partial amino acid sequence of chick
tc2 with other members of the vertebrate Ptc family
emonstrates that chick Ptc2 is most highly related to
enopus Ptc2 (Takabatake et al., 2000) and zebrafish Ptc1
Concordet et al., 1996) (82% and 79% identity, respec-
ively). Surprisingly, the human and mouse Ptch2 se-
uences (Carpenter et al., 1998; Motoyama et al., 1998b)
hare significantly less homology with chick Ptc2 than
s of reproduction in any form reserved.
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21Differential Regulation of Patched Genes in Chickexpected (69% identity with each), given the presumed
order of divergence of each of the major vertebrate classes
and the high degree of homology shared between chick Ptc1
and either mouse or human Ptch1 (92 and 93% identity,
respectively; Goodrich et al., 1996; Hahn et al., 1996;
Johnson et al., 1996). This phylogenetic grouping of mam-
malian Ptch2 sequences into a cluster distinct from non-
mammalian Ptc2 sequences (Fig. 1B) could imply that the
former represent a third, novel class of Ptc proteins. How-
ever, we have been unable to identify additional Ptc genes
from either mouse or chick in successive screenings of
multiple cDNA libraries using both mouse and chick Ptc2
probes. Similarly, we have found no additional Ptc-like
sequences within any of the mouse or human genome
databases. Therefore, we propose that the Ptch2 gene in
mammals has been subject to distinct selective pressures
since the divergence of the mammalian and avian lineages.
These findings also imply that the Ptc2 gene may have
evolved unique and specialized properties for the regulation
of Hh signaling activity within different classes of verte-
brates.
Developmental Expression of Chick Ptc2
The negative feedback loop generated by the upregulation
of Ptc genes in response to Hh protein is a critical determi-
nant of the dynamics of Hh signaling. The upregulation of
Ptc genes also serves as a convenient analytical tool for
identifying cells that are actively responding to Hh pathway
stimulation. To evaluate whether Ptc2 might serve as a
useful marker of Hh pathway activation in chick, we
analyzed its expression at several well-characterized sites of
Hh signaling activity within the developing chick embryo.
At stage 5, Ptc2 is expressed asymmetrically in the left side
of Hensen’s node and on both sides of the emerging head
process (Figs. 2A and 3C) in a pattern similar to Shh (Fig.
3A), and continues to be expressed at stage 8 in the medial
portion of the neural plate immediately adjacent to the
FIG. 4. Comparison of Shh, Ptc1, and Ptc2 expression during earl
re shown. Numbers on top of each column identify the stage of de
robe used for detection. Note both the earlier onset (stage 19) and t
s the distinct patterns of Ptc1 and Ptc2 expression within the dist
ote the sub-AER mesenchyme which resists upregulation of Ptc2
he later downregulation of Ptc2 in the posterior distal mesenchym
IG. 5. Regulation of Ptc1 (A, B, E, F) and Ptc2 (C, D, G, H) express
A–D) or recombinant Shh (E–H) protein. Application of beads so
ownregulation of both Ptc1 (B) and Ptc2 (D) expression. Control em
howed normal staining patterns for both probes (A, C). Conve
ecombinant human Shh protein (green arrowheads) resulted in an
pecific regions within the treated embryos. Control beads soaked i
E, G). In (A–D), beads were placed on the left side of Hensen’s node,
owever, it clear from the responses observed that the proteins
xposing both the left and right sides to protein. Finally, we note trocedure.
Copyright © 2001 by Academic Press. All rightdeveloping midline (Fig. 2B). From stage 9 onwards, as Shh
expression continues in the developing floor plate and
notochord (Fig. 2I), Ptc2 expression can be seen in the
ventral neural tube and in the medial halves of somites
(Figs. 2C and 2K), persisting at later developmental stages in
the scleratomal derivatives immediately adjacent to the
notochord (Fig. 2K). At equivalent stages, Ptc1 is expressed
in a similar pattern in the neural tube but is largely absent
from the mesenchyme surrounding the notochord (Fig. 2J).
In the developing limb buds (Figs. 2D, 2E, and 2L), Ptc2 is
expressed in a region of posterior mesenchyme that over-
laps with the zone of polarizing activity (ZPA), a localized
source of Shh expression (Fig. 2H). Unexpectedly, chick
tc2 is also expressed in the posterior half of the apical
ctodermal ridge (AER), a thickened strip of distal ectoderm
hat cooperates with the ZPA to control limb patterning
Figs. 2E and 2L). At later stages of limb development, we
lso observe Ptc2 expression in the developing long bones
Fig. 2F; see also Hartmann and Tabin, 2000) where Ihh has
een shown to play a critical role in regulating the rate of
hondrogenesis (Vortkamp et al., 1996). We also note
omplementary expression of Shh and Ptc2 in the develop-
ng gut (compare Figs. 2M and 2O), where Ptc2 expression
verlaps with Ptc1 (Fig. 2N) in the mesoderm surrounding
the endodermal lining of the gut. Finally, we note very
localized Ptc2 staining within the second branchial arch
(Fig. 2D) and in the developing feather buds (Fig. 2G).
To summarize, we observe strong expression of Ptc2
immediately adjacent to or overlapping with several endog-
enous sources of Hh signaling activity within the develop-
ing chick embryo, raising the likelihood that chick Ptc2
serves as a direct transcriptional target of the Hh signaling
pathway. Finally, we note that unlike mouse Ptch2, which
is expressed only at very low levels in most tissues (Mo-
toyama et al., 1998a,b), Ptc2 is expressed at comparatively
high levels in chick and is easily detectable in a majority of
Hh-responding tissues after only a short developing period,
b bud development. In all panels, dorsal views of right wing buds
pment while the labels to the left denote the in situ hybridization
nger persistence (stage 25) of Ptc2 staining relative to Ptc1, as well
terior mesenchyme underneath the AER (stages 24 and 241). Also
shows clear upregulation of Ptc1 (black arrowheads, stage 24), and
hite arrowhead, stage 241).
n early chick embryos following application of anti-Shh antibodies
in a blocking antibody against Shh (red arrowheads) resulted in
s exposed to an anti-Flag monoclonal antibody (white arrowheads)
, beads soaked in the active (N-terminal) signaling fragment of
egulation of Ptc1 (F) and Ptc2 (H) expression that was limited to
(white arrowheads) had no effect on the expression of either gene
reas, in (E–H), beads were placed on the right side of Hensen’s node.
dministered in this way diffused readily throughout the embryo,
n (F) the implanted bead remained in place through the end of they lim
velo
he lo
al an
but
e (w
ion i
aked
bryo
rsely
upr
n BSA
whe
we a
hat i
hole mount in situ hybridization procedure; however, in all other examples shown, the beads became dislodged during the stainings of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All rightmaking it a very useful marker of Hh pathway activation
throughout multiple stages of chick development.
Differential Responses of Ptc1 and Ptc2 to
Endogenous Sources of Hh Signaling
Our preliminary analysis of the expression profile of
chick Ptc2 in the developing embryo revealed a close
correlation between sites of high Ptc2 expression and sites
of active Hh signaling. Other vertebrate Patched genes,
including chick Ptc1, have been shown to exhibit a similar
dependence on Hh pathway stimulation for high level
expression (Concordet et al., 1996; Goodrich et al., 1996;
Marigo et al., 1996b; Lewis et al., 1999a; Takabatake et al.,
2000). Nevertheless, significant intra- and interspecies dif-
ferences in the expression profiles of individual Ptc genes
have been noted (Motoyama et al., 1998a,b; Lewis et al.,
1999a; Takabatake et al., 2000), prompting us to undertake
a more detailed comparison of the expression patterns of
the two chick Ptc genes at two well-characterized sites of
Shh signaling activity: the early node and the developing
limb bud.
At stage 51, Shh is strongly expressed in the nascent head
process (future notochord and prechordal plate) and on the
left side of Hensen’s node (Fig. 3A), where it plays a critical
role in the transfer of early left/right (L/R) positional infor-
mation from the node to the lateral plate mesoderm (Levin
et al., 1995; Paga´n-Westphal and Tabin, 1998). As previ-
ously noted (Paga´n-Westphal and Tabin, 1998), elevated
levels of Ptc1 expression are observed at this stage along the
lateral edges of the head process and in a patch of cells
lateral and anterior to the left side of Hensen’s node (Fig.
3B). In contrast, the expression of Ptc2 at stage 51 follows
more closely that of Shh itself, with strong left-sided
expression observed within the node proper and strong
bilateral expression along the entire length of the head
process (Fig. 3C). We also note significant levels of Ptc2
staining within the primitive streak and in the lateral plate
at this stage (Fig. 3C).
and the underlying mesenchyme following long-term exposure to
Shh. (C) Embryos were infected at stage 10 in both the right fore
and hind limb fields with an RCAS-Noggin retrovirus, harvested at
stage 22, and stained for Ptc2 (left) or Fgf4 (right) expression.
mbryos shown were photographed ventral side up such that the
ight, injected limbs are on the left side of the panel and the distal
ER is facing the camera. We see upregulation of Ptc2 and Fgf4 in
the AER but not in the mesenchyme of all injected right limb buds
compared to their left contralateral controls. Black arrowheads
indicate the anterior boundaries of the expanded Ptc2 and Fgf4
xpression domains in the injected limb buds while white arrow-
eads indicate the anterior boundaries of endogenous Ptc2 and Fgf4
xpression. Note that in this experiment, the endogenous expres-
ion domain of Ptc2 within the AER does not extend beyond theFIG. 6. Regulation of Ptc2 in the limb bud following application
of recombinant Shh protein (A), infection with a Shh-expressing
retrovirus (B), or infection with a Noggin-expressing retrovirus (C).
(A) Left and right contralateral limbs are shown on their respective
sides in each panel. Beads soaked in Shh protein (100 mg/ml) were
mplanted into the anterior mesenchyme of stage-21 right limb
uds. After 3–6 h of exposure, we see weak upregulation of Ptc1 in
he distal right limb bud mesenchyme (black arrowhead) compared
o its left contralateral control (left) and a more dramatic expansion
f the Ptc2 expression domain following the same treatment (right).
Note that the expansion of the Ptc2 expression domain is restricted
to the limb mesenchyme; no upregulation of Ptc2 was observed
within the AER following short-term exposure to Shh-soaked
beads. (B) Embryos infected at stage 10 in the right presumptive fore
limb region with an RCAS-Shh retrovirus were harvested at stage
24 and stained for Ptc2 expression. The displayed embryo is shown
ventral side up with the injected limb on the left side of the panel.esenchymal Ptc2 expression domain.
s of reproduction in any form reserved.
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24 Pearse, Vogan, and TabinTransverse sections through whole-mount stained em-
bryos further emphasize the differences in the expression
patterns of Ptc1 and Ptc2 at these early stages. As previ-
ously noted by Levin et al. (1995), asymmetric expression of
Shh within the node is exclusively ectodermal, being con-
fined to a small patch of cells immediately adjacent to the
primitive pit (Fig. 3D). As noted above, Ptc2 expression
closely mirrors that of Shh in the node region (compare
insets in Figs. 3A and 3C), and in transverse sections
through the node, Ptc2 staining colocalizes in the ectoderm
with the asymmetric domain of Shh expression (compare
Figs. 3D and 3F). In contrast, the asymmetric domain of
Ptc1 expression anterior to the node is confined primarily to
the mesodermal layer (Fig. 3E), where it overlaps with the
expression of the two known mesodermal targets immedi-
ately downstream of Shh in the L/R signaling cascade, the
TGF-b superfamily member Nodal (Levin et al., 1995) and
the BMP antagonist Caronte (Rodriguez-Esteban et al.,
1999; Yokouchi et al., 1999; Zhu et al., 1999). These
essentially nonoverlapping domains of Ptc1 and Ptc2 ex-
pression in the node region hint at the possibility that
distinct regulatory inputs govern the responsiveness of
these two genes to Hh pathway stimulation.
In addition to its role in early patterning events at the
node, Shh is also expressed in the posterior mesenchyme of
the limb bud where it has been shown to mediate the
polarizing activity of the ZPA (Riddle et al., 1993). In this
context, it has been proposed that Shh protein acts directly
as a morphogen, diffusing across the limb bud to establish a
posterior-to-anterior gradient of signaling activity. Among
the evidence supporting this morphogen theory is the
Shh-dependant upregulation of Ptc1 in the limb bud, which
occurs in a posterior-to-anterior gradient extending from
the ZPA outward (Goodrich et al., 1996; Marigo et al.,
1996b). As noted earlier (Figs. 2D, 2E, and 2L), chick Ptc2 is
highly expressed in the developing limb bud in both the
posterior mesenchyme and the AER. To extend these ob-
servations, we performed a detailed comparison of Shh,
Ptc1, and Ptc2 expression at a range of stages of early limb
development to determine both the dynamics of upregula-
tion and the precise expression domains of these two
putative Hh target genes during the course of limb devel-
opment.
At the very earliest stages of fore limb bud development,
when Shh itself is barely detectable, we detect very clear
upregulation of Ptc2 in the posterior limb mesencyhme
(Fig. 4, stage 19); our ability to detect Ptc1 transcripts, by
contrast, is significantly delayed relative to both Shh and
Ptc2. This finding suggests that Ptc2 responds more rapidly
than Ptc1 to the early production of Shh by the ZPA,
possibly reflecting a lower threshold for activation for Ptc2
relative to Ptc1 within the context of the early limb. In this
regard, it is interesting to note that an opposite relationship
had previously been inferred on the basis of studies carried
out in the early zebrafish embryo (Lewis et al., 1999a).
Subsequently, by stage 24, both Ptc genes are upregulated inposterior-to-anterior gradient within the limb bud mesen- s
Copyright © 2001 by Academic Press. All righthyme. However, while Ptc1 upregulation follows a
roximal–distal path that extends anteriorly as it ap-
roaches the mesenchyme underlying the AER, Ptc2 ex-
ression is specifically excluded from this more anterior
ub-AER region. This tendency of the sub-AER mesen-
hyme to resist upregulation of Ptc2 is evident throughout
imb development from stage 22 onwards, when we begin to
ee a restriction of Ptc2 expression from the distal mesen-
hyme underneath the AER (Fig. 4, stage 22). Finally, we see
strong reduction in Ptc1 expression by stage 25, with only
he most posterior and most distal mesenchyme maintain-
ng strong Ptc1 expression, while Ptc2 is still strongly
xpressed at this stage throughout the posterior half of the
imb bud. We also note the appearance of a small domain in
he most posterior distal mesenchyme of the limb bud
here Ptc2 expression becomes downregulated at later
tages (Fig. 4, stages 241 and 25).
Altogether, we observe three major differences between
he expression patterns of Ptc1 and Ptc2 in the developing
imb bud mesenchyme: Ptc2 is induced earlier than Ptc1,
tc2 is resistant to upregulation in the sub-AER mesen-
hyme while Ptc1 is preferentially upregulated in this
egion, and Ptc2 expression persists at later stages of limb
evelopment after Ptc1 expression has begun to wane.
ignificantly, while the more rapid upregulation and the
onger persistence of Ptc2 expression within the limb mes-
nchyme could simply indicate that it is more sensitive
han Ptc1 to low levels of Hh signaling, the fact that the
sub-AER cells preferentially upregulate Ptc1 and not Ptc2
implies that different regions of mesenchyme within the
limb bud exhibit a differential competence to upregulate
expression of these two general Hh target genes.
Differential Responses of Ptc1 and Ptc2 to Ectopic
Sources of Hh Signaling
The localization of high level Ptc2 expression to sites of
active Hh signaling is consistent with chick Ptc2 being a
irect transcriptional target of the Hh signal transduction
athway. To test this hypothesis directly, we treated em-
ryos at stage 5 with beads soaked in a blocking antibody
gainst Shh (Ericson et al., 1996). As shown previously
Paga´n-Westphal and Tabin, 1998), application of anti-Shh
eads to the left of Hensen’s node at stage 5 results in a
trong downregulation of Ptc1 expression throughout the
mbryo, even at sites relatively distant from the bead (n 5
; compare Figs. 5A and 5B). Similarly, we observe that Ptc2
xpression is also markedly downregulated following appli-
ation of the anti-Shh antibody (n 5 12; compare Figs. 5C
nd 5D), demonstrating that Hh signaling activity is neces-
ary for normal, high level expression of both Ptc1 and Ptc2
ithin the context of the early embryo. We note, however,
hat the blocking antibody is unable to completely elimi-
ate Ptc2 expression at the stages analyzed, particularly in
he node and midline regions where the highest levels of
hh are produced, perhaps reflecting again the greater
ensitivity of Ptc2 to residual levels of Hh signaling.
s of reproduction in any form reserved.
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25Differential Regulation of Patched Genes in ChickTo determine next whether Hh signaling is also sufficient
to induce Ptc2 expression, we applied beads soaked in the
ctive signaling portion of human Shh protein to the right
ide of the node at stage 6. Previous studies performed in
arly chick embryos have shown that such treatments are
ufficient to induce broad, ectopic expression of the down-
tream target genes Nodal and Caronte in the right lateral
plate mesoderm (Paga´n-Westphal and Tabin, 1998;
Rodriguez-Esteban et al., 1999; Yokouchi et al., 1999; Zhu
t al., 1999). Surprisingly, we find that the upregulation of
tc1 following application of Shh beads is restricted to two
mall domains on either side of the midline just lateral and
nterior to the regressing node (n 5 6; compare Figs. 5E and
F). In contrast, similar treatments with Shh protein re-
ulted in a broad induction of Ptc2 expression, particularly
n the node region and in the primitive streak, but also to a
esser extent in the lateral plate and the neural plate (n 5
0; compare Figs. 5G and 5H). We infer from this broad
nduction of Ptc2 expression that the recombinant Shh
rotein used in this assay diffuses readily throughout the
mbryo, exposing the entire embryo to signal. If this as-
umption is correct, then it follows that individual cells in
he early embryo likewise differ in their ability to upregu-
ate transcription of these two general targets of the Hh
ignaling cascade. Thus, Ptc1 and Ptc2 provide distinct
ranscriptional readouts of Hh signaling activity in the early
hick embryo, similar to what has been observed in a
ariety of embryonic contexts in other species (Motoyama
t al., 1998a,b; Lewis et al., 1999a; Takabatake et al., 2000).
In our analysis of Ptc1 and Ptc2 expression patterns in the
eveloping limb bud, we observed significant levels of Ptc2
xpression even at very early limb bud stages, when Shh
xpression is still very weak (Fig. 4). While this might
ndicate that the transcriptional response of Ptc2 to Hh
athway stimulation is sensitive even to very low doses of
hh, it is possible that the upregulation of Ptc2 within the
limb bud mesenchyme occurs in response to a distinct,
Shh-independent signaling event. Therefore, in an effort to
test whether Ptc2 expression in the early limb is dependent
on Hh signaling, we attempted to block Shh signaling
activity in the early limb bud by implanting beads soaked in
the Shh blocking antibody; however, we consistently failed
to observe any changes in the expression domains of either
Ptc1 or Ptc2 following such treatments (data not shown),
erhaps owing to limitations in our ability to administer
ufficient quantities of antibody to interfere with endoge-
ous levels of Shh signaling activity within the context of
he developing limb.
To test in turn whether Shh is sufficient to upregulate
tc2 expression in the limb bud, we implanted beads soaked
n purified recombinant Shh protein into anterior stage 21
imb buds and examined the effect on Ptc1 and Ptc2
xpression 3–6 h later. Following such treatments, we
onsistently observed that the boundaries of both Ptc1 (n 5
9) and Ptc2 (n 5 12) expression were expanded anteriorly
ompared to contralateral control limbs (Fig. 6A), similar to
hat has been described previously for Ptc1 (Drossopoulou w
Copyright © 2001 by Academic Press. All rightt al., 2000). In addition, we note that Ptc2 was induced
uch more broadly than Ptc1 at the dose of Shh used in this
ssay. Altogether, the results of these early and late bead
mplant experiments indicate that Hh signaling is indeed
ufficient to induce Ptc1 and Ptc2 expression within mul-
iple embryonic contexts in the chick, demonstrating that
oth genes are general transcriptional targets of the Hh
ignaling cascade.
Expression of Ptc2 in the Posterior AER Is
Regulated by BMP Signaling
In addition to its expression in the posterior limb bud
mesenchyme, Ptc2 is also expressed during chick limb
development in the posterior half of the AER (Figs. 2D, 2E,
2L, and 4). We were initially surprised by this observation,
given that expression of Ptc2 in the AER has not been noted
to date in any other species; morever, a direct effect of Shh
on gene expression within the AER has never been de-
scribed. Indeed, we have consistently been unable to ob-
serve even weak expression of Ptc1, Smo, or any of the Gli
genes within the AER (data not shown; Marigo et al.,
1996a,b; Quirk et al., 1997; Schweitzer et al., 2000), sug-
gesting that the induction of Ptc2 in the AER may be
indirect. In this regard, it is noteworthy that Fgf4 is ex-
pressed in the posterior AER in a pattern very similar to
Ptc2 (Niswander et al., 1994; Laufer et al., 1994). While the
expression of Fgf4 in this tissue depends critically on the
activity of Shh (Laufer et al., 1994; Niswander et al., 1994),
recent studies have shown that the induction of Fgf4 is
mediated indirectly through the actions of Gremlin, a
member of the Cerberus/Dan family of secreted BMP an-
tagonists (Zu´n˜iga et al., 1999; Capdevila et al., 1999; Me-
rino et al., 1999).
To test the possibility that Ptc2 and Fgf4 are regulated in
a similar fashion in the AER, we first examined whether
Ptc2, like Fgf4, could be induced in the anterior portion of
the AER in response to ectopic Hh signaling. Since we failed
to observe any induction of Ptc2 in the AER during the 3- to
6-h time course of the bead implant experiments (Fig. 6A),
we proceeded to test the effects of long-term exposure to
ectopic Shh by employing a replication competent retrovi-
rus expressing Shh (RCAS-Shh; Riddle et al., 1993). As
expected, limb buds infected at stage 10 with the RCAS-Shh
virus and examined 2 days later (stage 24) exhibited ectopic
induction of Ptc2 both in the anterior portion of the AER
and in the underlying limb mesenchyme (n 5 6; Fig. 6B). To
urther compare the regulation of Ptc2 and Fgf4 within the
ER, we proceeded to misexpress the BMP antagonist
oggin in the developing limb using an RCAS-Noggin virus
Capdevila and Johnson, 1998). In every limb bud that was
uccessfully injected, as assessed by secondary in situ
ybridization to detect RCAS virus (data not shown), we
bserved an expansion of the anterior boundaries of both
tc2 (n 5 9) and Fgf4 (n 5 3) expression in the AER (Fig. 6C).
n addition, while the expression of Ptc2 within the AER
as consistently expanded, there was no detectable differ-
s of reproduction in any form reserved.
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26 Pearse, Vogan, and Tabinence in the mesenchymal Ptc2 expression pattern between
the contralateral control limb bud and the injected limb bud
following Noggin misexpression. To our knowledge, this is
the first example of a Ptc gene induced in response to Hh
signaling via the actions of a secondary signal, a finding
which serves to highlight the complex regulatory inputs
governing the transcriptional activity of individual mem-
bers of the Ptc gene family within different developmental
contexts in vertebrates.
DISCUSSION
We describe here the identification and preliminary char-
acterization of a chick homolog of the Ptc2 gene. Interest-
ngly, while Ptc1 genes are strongly conserved between
ammalian and nonmammalian vertebrates, the mouse
nd human Ptch2 genes appear to have diverged signifi-
antly from Ptc2 homologs in zebrafish, Xenopus, and chick
Motoyama et al., 1998b; Carpenter et al., 1998; Lewis et
l., 1999a; Takabatake et al., 2000; this study). This diver-
ence is apparent not only at the sequence level, where
hylogenetic reconstructions show mammalian Ptch2
enes clustering away from other vertebrate Ptc2 genes (Fig.
B; Lewis et al., 1999a; Takabatake et al., 2000), but is also
evident at the level of expression. In particular, we note that
the chick Ptc2 gene and the zebrafish Ptc2 homolog (zf-
Ptc1) share a number of similarities with regards to both the
abundance and distribution of their transcripts and their
dependence on Hh signaling for normal, high level expres-
sion (Concordet et al., 1996; Lewis et al., 1999a; this study).
The mouse Ptch2 gene, by contrast, is expressed only at
very low levels throughout development (Motoyama et al.,
1998a,b) and there are at least three tissues (developing
teeth, lungs, and hair follicles) where its expression appears
to be independent of Hh signaling (St-Jacques et al., 1998;
Pepicelli et al., 1998; Dassule et al., 2000). These differ-
ences imply that the Ptch2 gene in mammals may have
evolved to serve a function distinct from that served by the
other vertebrate Ptc2 genes. Regardless of its precise func-
tion, however, the demonstration that the Ptc2 gene in
chick serves as a faithful transcriptional target of the Hh
signaling cascade within a broad range of developing tissues
identifies this gene as a valuable new marker for monitoring
the responsiveness of cells to Hh pathway stimulation
during chick development.
Our analyses of the dynamics of Ptc1 and Ptc2 expression
in the early embryo and in the developing limb bud both
point to the conclusion that cells stimulated equally by Shh
will upregulate these two Hh targets differently depending
on their position in the embryo. For example, a cell in the
sub-AER mesenchyme of the limb bud will preferentially
upregulate Ptc1 over Ptc2, while an ectodermal cell adja-
ent to the primitive pit in a stage-5 embryo will preferen-
ially upregulate Ptc2 over Ptc1. While there are many
ossible mechanisms that can be invoked to explain a
ifferential cellular response to the same stimulus, there
Copyright © 2001 by Academic Press. All rightre two that we favor and that are consistent with other
reviously described observations. Specifically, we propose
hat the differential responsiveness of Ptc1 and Ptc2 to Hh
pathway stimulation in chick may be due either to modu-
lation of the Hh response by inputs from other signaling
pathways or to a bifurcation in the intracellular Hh signal
transduction pathway (discussed below).
The idea that separate signaling inputs can modify the
response of a cell that receives a Hh stimulus is not without
precedent. For instance, it has previously been shown that
FGF4 secreted from the AER acts as a competence factor
that allows Shh from the ZPA to induce Hox genes and
mp2 in the limb bud mesenchyme (Laufer et al., 1994).
his implies that there are a subset of genes that are
pregulated in response to the combined signaling of Shh
nd FGFs together but not to either signal on its own. In
ddition, it has been demonstrated separately that Gli2, one
f the downstream effectors of Hh signal transduction in
ertebrates, also functions in FGF signaling during chick
imb bud patterning (Brewster et al., 2000). Thus, if a
ombination of Hh-dependent and Hh-independent regula-
ory inputs are responsible for the differential expression of
tc1 and Ptc2, it follows that there are distinct cis-
regulatory elements in the Ptc1 and Ptc2 promoters that are
at least partially responsive to other signaling pathways
and/or tissue-specific transcriptional regulators. In support
of this notion, we have demonstrated that at least one
tissue in the chick, the AER, upregulates Ptc2 in response
to antagonism of BMP proteins, indicating that the Ptc2
promoter is directly or indirectly modified by input from
BMP signaling. Interestingly, an opposite relationship ap-
pears to exist between Ptch1 and BMP signaling within the
mouse tooth germ, where BMP4 has been shown to induce
ectopic Ptch1 expression within the dental mesenchyme
(Zhang et al., 1999). Modification of Shh signaling by BMPs
has also been described for neural tissues (reviewed in
Litingtung and Chiang, 2000). Finally, biochemical evi-
dence for an interaction between the Shh and BMP path-
ways comes from the observation that a truncated form of
Gli3 can physically bind to Smad proteins, the downstream
effectors of BMP signaling (Liu et al., 1998).
A second possible explanation for the differential regula-
tion of Ptc1 and Ptc2 is that a bifurcation exists in the
intracellular Hh signal transduction pathway and that the
Ptc1 and Ptc2 promoters are differentially regulated by the
different branches of the pathway. This latter possibility is
supported by a series of observations made with the chick
polydactyly mutant talpid3 (Lewis et al., 1999b). In particu-
ar, studies indicate that in the absence of talpid3 function,
the expression of Shh in limbs is unchanged while the
expression of the Hh target genes Ptc1 and Gli1 is lost,
identifying the talpid3 gene product as a component of the
Hh signal transduction pathway essential for Ptc1 and Gli1
expression (Lewis et al., 1999b). Intriguingly, however, the
expression of several other Shh-responsive genes (Bmp2,
Hoxd13, and Fgf4) is actually expanded in the talpid3mutant background, implying the existence of two distinct
s of reproduction in any form reserved.
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27Differential Regulation of Patched Genes in Chickbranches in the Hh signal transduction pathway, one that is
talpid3-dependent and a second that is talpid3-independent
Lewis et al., 1999b). Thus, it is possible that the presence or
absence of the talpid3 gene product in a responding cell
ould differentially affect the responsiveness of the Ptc1
nd Ptc2 promoters to Hh pathway stimulation. If this
mechanism were indeed responsible for some of the obser-
vations made here, then we would predict that while Ptc1
may be strictly dependent on the activity of talpid3 for its
activation, Ptc2 may have the potential to be activated in a
alpid3-independent manner. The observation from Dro-
ophila that different Hh target genes exhibit a differential
equirement for the activity of the Ser/Thr kinase Fused, an
ntermediate component of the Hh signal transduction
athway (The´rond et al., 1999; Suzuki and Saigo, 2000;
ullor et al., 2000), lends additional support to this model,
lthough the existence of distinct hh pathways in Drosoph-
la still remains controversial (Me´thot and Basler, 2001).
While our data do not directly address possible functional
ifferences between the various vertebrate Ptc gene prod-
cts, it is worth highlighting some of the potential impli-
ations of the differential responsiveness of individual Ptc
enes to Hh pathway stimulation. In the context of early
/R signaling in chick, for instance, it is noteworthy that
he asymmetric upregulation of Ptc1 and Ptc2 in the node
egion occurs within distinct populations of cells. In par-
icular, the upregulation of Ptc1 occurs within a cluster of
esodermal cells just lateral and anterior to the regressing
ode and coincides closely with the medial asymmetric
omain of the Shh target gene Nodal (Levin et al., 1995;
Paga´n-Westphal and Tabin, 1998). This implies that similar
cis-regulatory elements may mediate the responsiveness of
these two genes to asymmetric Hh signaling within the
context of the early embryo, a possibility also supported by
the observation that only a very restricted region of the
paraxial mesoderm is competent to respond to Shh directly
by upregulating Nodal and Ptc1 expression (Paga´n-
estphal and Tabin, 1998; this study). We suggest that this
estricted competence may be critical for preventing ec-
opic activation of the L/R signaling cascade in response to
hh diffusion from other embryonic sites (e.g., the nascent
ead process). Ptc2, by contrast, is induced more broadly
ithin the early embryo in response to ectopic Hh signal,
mphasizing that this restricted competence does not re-
ect a general inability of cells in the early embryo to
ransduce the Hh signal, but rather, a restricted ability of
ome cells to activate the expression of a specific subset of
h target genes. Finally, while the functional significance
f the left-sided expression of Ptc2 within the ectoderm of
he regressing node remains unknown, we note that several
ownstream components of the L/R signaling cascade have
een shown to be asymmetrically expressed within specific
egions of the dorsal diencephalon in zebrafish (reviewed in
apdevila et al., 2000). Thus, the propagation of asymmet-
ic Shh signaling within the ectoderm itself may contribute
irectly to the establishment of L/R asymmetry within
pecific regions of the developing nervous system.
Copyright © 2001 by Academic Press. All rightWe have also identified one tissue, the AER, where Ptc2
ay function independently of Hh signaling. As mentioned
bove, our lab and others have been consistently unable to
etect even weak expression of other Hh signaling compo-
ents, including Ptc1, Smo, or any of the Gli genes, within
he AER (data not shown; Marigo et al., 1996a,b; Quirk et
l., 1997; Schweitzer et al., 2000). This suggests that Ptc2
could be playing a role in the AER that is distinct from its
canonical role as an antagonist of Smo activity. A possible
Hh/Smo-independent role for Ptc genes is further suggested
by studies in the nematode Caenorhabditis elegans (Ku-
wabara et al., 2000). In particular, while two Ptc homologs
have been identified in the worm genome, there are no
obvious Hh or Smo homologs, suggesting that the primary
function of Ptc genes in worms is likely to be independent
of Hh signaling (Consortium, 1998; Kuwabara et al., 2000).
More broadly speaking, there are two possible ways of
iewing the expansion of a single ptc gene in Drosophila
nto two distinct Ptc genes in vertebrates: the two verte-
rate Ptc genes may perform identical roles in Hh signaling
nd simply act redundantly, or alternatively, each of these
enes may have evolved its own specialized functions in the
egulation of Hh signaling activity. With regards to the
atter possibility, while it has been demonstrated that
uman Ptch1 and Ptch2 proteins bind to unmodified Shh,
hh, and Dhh with virtually indistinguishable affinities
Carpenter et al., 1998), a direct comparison of the abilities
f Ptch1 or Ptch2 to affect Smo protein stability or to bind
o cholesterol-modified or palmitoylated Shh has not been
eported. In addition, the observation that mammalian
tch2 genes have diverged significantly from nonmamma-
ian Ptc2 genes further complicates the issue by raising the
ossibility that Ptc2 itself may have evolved to carry out
istinct functions within the different vertebrate lineages.
ither way, if individual Ptc proteins do exhibit a differen-
ial ability to modulate Hh signaling (by differing, for
nstance, in their ability to inhibit Smo activity), then the
ifferential regulation of the two Ptc promoters could help
o fine-tune the Hh response within specific developmental
ontexts, both within a given species and among different
pecies. However, even if the two Ptc proteins share iden-
ical biochemical properties with regards to their ability to
istinguish Hh concentrations or affect Smo activity, the
ifferential regulation of the two promoters may still have
nteresting implications. Indeed, it is possible that the more
exible regulation of Ptc2 among different species could
rovide a mechanism for sculpting the gradient of Hh
ctivity, allowing morphologically distinct structures such
s a chicken wing, a mouse or Xenopus limb, or a zebrafish
n to be patterned using the same basic signaling system.
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